Background: To propose a personalized therapeutic approach in osteosarcoma treatment, we assessed whether sequential [ 18 F]FDG PET/CT (PET/CT) could predict the outcome of patients with osteosarcoma of the extremities after one cycle and two cycles of neoadjuvant chemotherapy.
Background
Osteosarcoma is the most common bone tumor that occurs in children and adolescents, although the overall prevalence is not high. The survival rate of osteosarcoma remained at around 20% before the 1980s, but the 5year event-free survival (EFS) rate increased to 55-75% after neoadjuvant chemotherapy (NAC), and surgical resection became the standard therapy [1] . Despite significant improvements in survival since the introduction of NAC, treatment and outcome have not changed in several decades [2] . According to the National Comprehensive Cancer Network (NCCN) guidelines for bone cancers, all osteosarcoma patients should undergo NAC even in the era of precision medicine [3] .
Fluorine 18-fluorodeoxyglucose ([ 18 F]FDG) positron emission tomography (PET) has been used to evaluate the prognosis of many cancers [4] . Many groups reported that baseline and post-chemotherapy PET could predict the prognosis of osteosarcoma [5] . However, few have focused on the early response to NAC with PET [6] . Therefore, it is necessary to evaluate the definite prognostic factors with [ 18 F]FDG PET. Furthermore, it is also important to determine at which time point during treatment should [ 18 F]FDG PET be used for the best optimal prognosis.
The parameters available for [ 18 F]FDG PET are diverse, which include SUV max , mean SUV (SUV mean ), peak SUV (SUV peak ), metabolic tumor volume (MTV), and total lesion glycolysis (TLG). Furthermore, various texture features are also available for analysis. Among many PET parameters, SUV max is the most widely used parameter. Although it can be affected by ambient noise because it is a value from a single voxel, it is easily measurable and is used as a representative value for tumors [7] . We previously investigated how SUV max can predict histologic response in osteosarcoma [8] . We also found that tumor necrosis at the point of maximum metabolic activity was significantly correlated with the histologic response of the entire resected specimen [8] . It suggests that the maximally metabolically active portion of the tumor is the most aggressive portion and this single pixel represents the aggressiveness of cancer. Therefore, the SUV max , which is easily measurable and universally used, was selected for predicting the prognosis of osteosarcoma in this study.
The overall survival of extremity osteosarcoma patients has plateaued in several decades and this plateau of clinical outcome highlights the need for a novel therapeutic approach in osteosarcoma treatment [2] . In the present study, we assessed whether sequential [ 18 F]FDG positron emission tomography/computed tomography (PET/CT) could predict the outcome of patients with osteosarcoma of the extremities after 1 cycle and 2 cycles of NAC.
Patients and methods

Patients
From June 2007 to September 2013, patients who were initially diagnosed with osteosarcoma histologically were retrospectively analyzed. Among them, patients were selected based on the following criteria: (1) NAC, (2) surgical resection, (3) postoperative chemotherapy, (4) [ 18 F]FDG PET/CT performed before, 1 cycle after, and 2 cycles after NAC, (4) available follow-up data for at least 2 years to determine EFS. Patients with the American Joint Committee on Cancer (AJCC) stage I, III, or IV at initial presentation were excluded from the current study. Due to a lower likelihood of metastases in patients with AJCC stage I, these patients were treated with surgery alone [9] . It was reported that patients with AJCC stage III or IV showed poor outcomes. Therefore, these subjects were excluded [9] .
Patients over 40 years of age or with non-extremity osteosarcoma were also excluded. As a result, a total of 73 patients were retrospectively analyzed in the present study. The study design and exemption of informed consents were approved by the Institutional Review Board of the Korea Cancer Center Hospital (IRB no. KIRAMS 2019-03-009).
All subjects underwent 2 cycles of NAC with highdose methotrexate, adriamycin, and cisplatin according to the modified T10 protocol. The intervals between the end of the first cycle of chemotherapy and initiation of the second cycle, and between the end of the second cycle and surgery, were around 3 weeks.
Subjects who did not show any local recurrence or metastasis were censored at the last follow-up date, with a cutoff date of May 29, 2017. The length of follow-up ranged from 13 to 117 months (median, 83 months). Evaluation of local recurrence or metastasis was confirmed by histological diagnosis or follow-up imaging including ultrasonography, X-ray, CT, magnetic resonance imaging (MRI), bone scan, and [ 18 F]FDG PET/CT for at least 6 months. After NAC, the histological response was evaluated with post-surgical specimens, of which necrosis over 90% was considered a good response [10] . Otherwise, the histological response was regarded as a poor response. . CT images were obtained for attenuation correction before the acquisition of PET images (120 kVp, 30 mA, 0.6 s/CT rotation, and a pitch of 6). PET images were reconstructed using an ordered subset expectation maximization algorithm (iteration 2 and subset 8). Effective dose from FDG PET was 1.9 × 10 −2 mSv/MBq and effective dose from low dose attenuation CT was about 4 mSv. Each uptake time before imaging at baseline [ 18 F]FDG PET (PET0) before NAC, interim [ 18 F]FDG PET (PET1) after 1 cycle of NAC, and post-chemotherapy [ 18 F]FDG PET (PET2) was 57.1 ± 2.7 min, 57.3 ± 2.5 min, and 55.9 ± 3.1 min, respectively.
Imaging analysis
The maximum standardized uptake value (SUV max ) of the primary tumor was evaluated using the Syngo software (Siemens Medical Systems, Iselin, NJ). A volume of interest covering the primary tumor was manually drawn to evaluate SUV max . The SUV max of PET0 before NAC was defined as SUV0, the SUV max for PET1 after 1 cycle of NAC was defined as SUV1, and the SUV max of PET2 was defined as SUV2. The percentage change in SUV max between SUV0 and SUV1 (Δ%SUV01) was defined as follows: Δ%SUV01 = (SUV1-SUV0)/SUV0 × 100. The percentage change in SUV max between SUV0 and SUV2 (Δ%SUV02) and between SUV1 and SUV2 (Δ%SUV12) was also defined by the same formula.
Statistical analysis
To predict events, the receiver operating characteristic (ROC) curve analyses were done with the parameters of [ 18 F]FDG PET images. The areas under the curve (AUCs) were calculated and the optimal cut-off values for each parameter were evaluated based on the Youden index. The association between SUV parameters and outcome (EFS) was evaluated using univariate and multivariate Cox regression analysis. The univariate and multivariate Cox proportional hazards model with a backward conditional stepwise procedure was used to evaluate prognostic variables, including SUV, age, gender, AJCC stage, tumor location, histologic subtype, and histologic response. We confirmed the proportional hazards assumption using Schoenfeld's test and plotted the martingale residuals against continuous variables to detect nonlinearity. For the multivariate Cox proportional hazards model, the clinicopathological parameters and each PET parameters were taken into the analyses and three separate analyses with all the clinicopathological parameters were performed as follows: (1) using SUV2;
(2) using Δ%SUV01; (3) using Δ%SUV02. For the Cox regression analysis, all variables were evaluated after dichotomization. EFS curves were estimated using the Kaplan-Meier methods, and differences in survival between groups were assessed by the log-rank test.
Statistical tests were performed using MedCalc (version 12.3; MedCalc Software, Ostend, Belgium). All p values were 2-sided, and p values of < 0.05 were accepted as indicating statistical significance.
Results
Clinical characteristics of patients
A total of 73 patients (53 males and 20 females; mean age, 17 years; range, 8-38 years) were analyzed in this study. PET0 was performed 2.8 ± 2.8 days before the initiation of NAC. PET1 and PET2 were done 15.1 ± 5.2 days and 16.2 ± 4.3 days after the end of cycle one and cycle two of NAC, respectively. Then, surgery was performed 5.2 ± 4.5 days after PET2. About half of the patients (51%) exhibited a good histologic response in the resected specimens after NAC (Table 1) .
Seventeen patients (23%) had experienced events (distant metastasis in 15 patients and local recurrence in 2 patients). Metastases were located in the lung in 12 patients and in the bone in 3 patients. Among the 17 patients who experienced events, 3 patients died of the disease and there were no cases of non-cancer-related death in the current study. The event-free interval ranged from 5 to 128 months, with a median event-free interval of 95 months. The estimated 2-year and 5-year 
Evaluation of PET parameters for predicting prognosis
Each SUV max of the primary tumor at baseline, during NAC, and after NAC are detailed in Table 2 . For all patients including event and non-event group, SUV max decreased significantly after cycle one and cycle two of NAC. ROC curve analyses were performed for predicting events with each PET parameters (Fig. 1 ). In the ROC curve analyses, SUV2, Δ%SUV01, and Δ%SUV02 could predict events efficiently. Other parameters including SUV0, SUV1, and Δ%SUV12 did not show statistical significance. Based on the Youden index of ROC curve analysis, each optimal cut-off value of SUV2, Δ%SUV01, and Δ%SUV02 was evaluated as 5.9, − 39.8%, and − 54.1%, respectively. With these cut-off points, the sensitivities were 53%, 82%, and 88%, respectively, and the specificities were 80%, 52%, and 50%, respectively.
Survival analysis
On the univariate analysis, the parameters of histologic response, SUV2, Δ%SUV01, and Δ%SUV02 were significantly correlated with EFS (Table 3 ). Other clinicopathological variables such as age, gender, AJCC stage, location, and subtype of the tumor were not associated with EFS. As each PET parameter in this study showed significant correlation with each other, separated multiple analysis models were tested. For the multivariate Cox proportional hazards model, clinical parameters and each PET parameters were taken into the analyses. The results showed that SUV2, Δ%SUV01, and Δ%SUV02 were independent predicting factors for EFS (Table 4 ).
In the multivariate model including SUV2 (model 1), SUV2 greater than or equal to 5.9 and poor histologic response were the independent predicting factors for EFS. In the multivariate model 2 (Δ%SUV01), Δ%SUV01 greater than or equal to − 39.8% and poor histologic response were the independent predicting factors for EFS. Δ%SUV02 greater than or equal to − 54.1% were the independent factors for predicting EFS in the multivariate model 3. In model 3, histologic response did not show statistical significance. The regression analysis showed strong association between Δ%SUV02 and histologic response (p = 0.007). Due to this dependence, Δ%SUV02 was the only one independent prognostic factor in model 3. The assumption of proportional hazards was not violated for model 1, model 2, or model 3 and there was no significant nonlinearity in these models.
Based on the Kaplan-Meier survival analysis (Fig. 2) , patients with SUV2 greater than or equal to 5.9 had significantly lower 2-year (60% vs. 91%) and 5-year (55% vs. 87%) EFS rates than patients with SUV2 less than 5.9 (p = 0.003). Patients with Δ%SUV01 greater than or equal to − 39.8% showed lower 2-year (74% vs. 94%) and 5year (66% vs. 94%) EFS rates than patients with Δ%SUV01 less than − 39.8% (p = 0.014). Patients with Δ%SUV02 greater than or equal to − 54.1% showed lower 2-year (74% vs. 93%) and 5-year (67% vs. 93%) EFS than patients with Δ%SUV02 less than − 54.1% (p = 0.005). Patients with a poor histologic response showed lower EFS than patients with a good histologic response (p = 0.032).
The examples of different prognosis according to Δ%SUV01 and Δ%SUV02 are shown in Figs. 3 and 4 .
Discussion
In the current study, we evaluated the SUV max , a representative parameter of [ 18 F]FDG PET/CT that can predict EFS of osteosarcoma.
Among the SUV max measured at various time points during treatment, SUV2, Δ%SUV01, and Δ%SUV02 were found to be significantly associated with EFS. It is similar to previous findings [11] . However, it is not consistent with other studies that suggest that baseline SUV max predicts EFS [12] [13] [14] . These inconsistencies may be due to the different populations evaluated in each study and the different follow-up time depending on each study.
Various studies have been conducted using [ 18 F]FDG PET to predict the prognosis of osteosarcoma. The SUV max of baseline [ 18 F]FDG PET before NAC is related to the prognosis of osteosarcoma [12] [13] [14] . On the other hand, Sato et al. reported that baseline SUV max is not correlated with EFS, but that SUV max after completion of NAC is associated with EFS [11] . Furthermore, Im et al. reported that any SUV max measured at baseline, interim, and posttherapy was not related to EFS [15] . Whereas, SUV peak , MTV, and TLG from baseline, interim, and post-therapy were related to EFS [15] . In our previous study, MTV at baseline was reported to have been associated with metastasis-free survival [9] . However, the values of MTV may be affected by the method Table S1 ). It was reported that several threshold methods for tumor delineation were used to evaluate MTV and TLG values [15] , which means that it is difficult to establish an objective indicator with MTV and TLG for predicting prognosis. All patients with high-grade osteosarcoma should undergo NAC according to the current NCCN guideline [16] . Osteosarcoma was one of the first solid tumors for which neoadjuvant chemotherapy proved to be beneficial [17, 18] . However, delaying surgery has been currently recognized as a dogma of osteosarcoma treatment [2] . Considering that the proportion of patients that show a good histologic response after NAC is about 50%, an increasing interest in up-front surgery instead of NAC is quite understandable [19] [20] [21] . Smeland et al. reported that the good histologic response to NAC was 52% [20] . Bielack et al. reported 56% of patients with osteosarcoma showed a good response to NAC [21] . Several investigators also showed less than 50% good responders with the presurgical chemotherapy. Meyers et al. reported 42% good responders and Kong et al. 44% [19, 22] . Currently, the histologic response to NAC is the most important prognostic criterion used to determine the treatment of localized osteosarcoma [18, 23, 24] . Previous studies have reported that [ 18 F]FDG PET/CT can predict the histologic response of NAC in osteosarcoma [6, 25, 26] . However, recent studies raised a question about the true prognostic value of histologic response and required novel strategies for the treatment of osteosarcoma [27, 28] . Therefore, if the osteosarcoma patients' prognosis can be evaluated early in the course of NAC, the timing of local control using surgical resection can be modified.
Our study suggested that SUV max can be an important prognostic factor in osteosarcoma, which means that the early evaluation of treatment response of osteosarcoma is possible with the aid of [ 18 F]FDG PET imaging. Although SUV0 and SUV1 themselves did not show significant correlations with events, Δ% SUV01 showed significant correlations with the predicting events. In other words, baseline and interim PET imaging during NAC can predict events early. This result could help change the treatment early, as it can select the patients with poor prognosis early. Davis et al. reported similar conclusion to ours [6] . Delayed tumor removal has several disadvantages and early surgery for non-responders may improve the clinical outcome of osteosarcoma. We believe that current stasis in survival improvement of osteosarcoma might be overcome with the early prediction of treatment with [ 18 F]FDG PET.
In this study, the SUV max was not analyzed as a continuous variable but was dichotomized with the cut-off values. It was already reported that the SUV max as a continuous variable does not show statistical significance After neoadjuvant chemotherapy, SUV max has reduced by 67.9% and 67.0% after 1 cycle and 2 cycles of neoadjuvant chemotherapy, respectively. Although the patient showed a poor histologic response to neoadjuvant chemotherapy, the patient is alive without recurrence for 112 months after surgery [15] . However, it is clear that the cut-off values from the analysis have its own limitation of being an arbitrary value which makes universal application difficult. Furthermore, another limitation is the difference between the cut-off values in different clinical studies. In order to apply [ 18 F]FDG PET parameters into clinical use, many efforts to standardize the cut-off values will be required.
There are some limitations to our study. First, selection bias cannot be excluded due to the nature of the retrospective study. Second, there were only a small number of patients that were evaluated in this study. Third, the AUC values in the ROC curve analysis were not high. So, the accuracy of EFS prediction with SUV parameters was not high. This should be verified with a larger number of patients. Forth, factors affecting SUV include weight composition, patient weight, blood glucose level, and post-injection uptake time, etc., but SUV calculation basically includes correction of injection dose, uptake time, and body weight. However, body composition was not considered in this study. Adipose cells have significantly lower FDG uptake than other cells. Therefore, if the obesity level has changed, the possibility that SUV values of tumors can be measured differently cannot be excluded.
Conclusion
PET evaluation after 1 cycle of presurgical chemotherapy predicted the clinical outcome of extremity osteosarcoma. [ 18 F]FDG PET can be a useful modality for early response monitoring of neoadjuvant chemotherapy. Further evaluation with a prospective design will show whether early prediction of chemotherapy response can affect the modification of timing of local control. Adoption of this kind of personalized medicine will also help clinicians overcome the current stasis in survival improvement in osteosarcoma.
